Escherichia coli W3110 was grown in a chemostat under conditions of carbon limitation at various temperatures and specific growth rates (p). Exponential survivor-time curves following cold osmotic shock were biphasic. These could be described by the sum of two exponential functions representing the survival of sensitive and resistant fractions of the population where the size of the sensitive fraction was directly proportional to p. Decimal reduction times for the more resistant fraction were unaffected by p yet decreased with increasing growth temperature.
I N T R O D U C T I O N
Injury or death of micro-organisms following their subjection to rapid chilling is termed cold shock (MacLeod & Calcott, 1976) . Although sensitivity to cold shock has been demonstrated for some diverse groups of micro-organisms, Gram-negative bacteria are generally regarded as being particularly susceptible (Brown, 1971 ; Gorrill & McNeil, 1960) . The primary events leading to cold shock-mediated death in Gram-negative bacteria are thought to involve disorganization of the outer (Brown, 1975) and cytoplasmic membranes (Meynell, 1958; Strange & Dark, 1962; Leder, 1972) , in the latter case through phase changes of the membrane's phospholipids (Farrel & Rose, 1968) . This leads to a decreased osmoregulatory capability of the cells (Strange & Ness, 1963; Adikari, 1975) . Autodegradation of nucleic acid polymer (Smeaton & Elliott, 1967) and inactivation of DNA ligase (Sato & Takahashi, 1970) have also been implicated.
Phenotypic variation in cold shock sensitivity has been widely reported. Batch culture sensitivity is greatest during the exponential growth phase (Hegarty & Weeks, 1940; Adhikari, 1975) , decreases with decreasing growth temperature (Ring, 1965; Farrel & Rose, 1968) and may vary with the complexity of the medium (Farrel & Rose, 1968; Meynell, 1958) . Recent reports (Green, 1978; Kenward & Brown, 1978) have demonstrated a direct relationship between sensitivity to cold shock and the specific growth rate (p) of Vibrio cholerae and Pseudomonas aeruginosa and suggest that this may be due, in part, to sensitization at particular points in the cell cycle of these organisms. 
M E T H O D S
Organisms and chemicals. Escherichia coli K12 W3110 and E. coli CR34 E177, which is temperaturesensitive in initiation of DNA replication (Wechsler & Gross, 1971) , were used throughout. Stock cultures were maintained on nutrient agar slants at room temperature after overnight incubation at 30 "C. All chemicals were of the purest grade available (BDH).
Growth conditions. Escherichia coli cultures were grown in 50 ml chemostats (Gilbert & Stuart, 1977) at 25, 30,35 and 42 "C at dilution rates of between 0.05 and 0.45 h-l in a minimal salts carbon-limited medium (Gilbert & Brown, 1978) , supplemented in the case of E. coZi CR34 El77 with (20 pg ml-l each) thiamin, thymine, leucine and threonine. To check for reversion of the CR34 El77 strain, replica plates were made from the chemostat culture and incubated at 30 and 42 "C. Steady-state conditions were assumed after five volume changes had occurred. Temperature shifts were made after a steady-state had been achieved. Sensitivity to coZd osmotic shock. Cultures were taken directly from the chemostat (approx. 1 x lo0 cells ml-l), diluted 100-fold into 50 ml distilled water, pre-cooled and held on ice. Viable counts were made at suitable time intervals by serially diluting the bacteria in water and spreading on nutrient agar plates. Plates were incubated at 30 "C for 18 to 24 h and results are expressed as percentage survival with respect to the control suspension similarly diluted in distilled water and held at the incubation temperature of the original culture.
Analysis of data. Data describing the survival of E. coli following cold shock were subjected to numerical analysis using a CDC 7600 computer and non-linear least squares regression analysis (Metzler et al., 1974) .
R E S U L T S
Following cold shock at 0 "C for 60 min, the survival of E. coli W3110 grown at 30 and 42 "C was found to be proportional to p. The slopes of the graphs were similar but the intercept value was lower for the higher growth temperature (Fig. 1 ). For bacterial suspensions grown in the chemostat at 30 "C and raised to 42 "C 1 h before cold shock, sensitivity was proportional to p, but the slope of this relationship was greater than that for the other systems.
Time-survivor curves for all systems except the E. coli mutant were biphasic (Fig. 2 ). The sensitive phase terminated within 20 to 30 min of treatment and the degree of sensitivity of this phase and its size appeared to increase with increasing growth rate. Decimal reduction times for the second and more resistant phase were unaffected by growth rate yet decreased with increasing growth temperature (Fig. 212) . The data sets for growth at 30 and 42 "C ( Fig. 2a, b) were subjected to numerical analysis. The survival data could be described by the sum of two exponential functions representing the survival of sensitive and resistant fractions of the population. The fraction with increased sensitivity to cold shock was found to be directly proportional to p, irrespective of growth temperature (Fig. 3) . This sensitive fraction could be alternatively described as a time (DT), constant for individual bacteria with respect to p, during each division cycle when the organisms possessed an increased sensitivity to cold shock. DT is therefore the mean sensitization time for individual organisms within the culture. Time-survivor curves for each temperature set could thus be combined and described by equation (1). where p is the surviving fraction at time t, GT is the generation time (min), and ksF and kRF are rate constants for the death of the sensitive and resistant fractions, respectively. A simultaneous non-linear least squares regression analysis was conducted to determine the best estimates of DT, kaF and k,, separately for each survivor curve and for combined data for the two growth temperatures. Goodness of fit for the combined data and for analysis of individual survivor curves were not significantly different [F = 1.369 and 0.47 (critical value = 2.51) for cultures grown at 30 and 42 "C, respectively]. The lines in Fig.  2a , b are the computed best fit estimates based on equation (1) Sensitivity to cold shock was also examined for E. coli CR34 E177, which is temperaturesensitive in initiation of DNA replication. When grown at the non-restrictive temperature (30 "C), sensitivity to cold shock was proportional to growth rate. However, when the cold shock was preceded by growth for 1 h at the restrictive temperature (42 "C), sensitivity was low and relatively unaffected by growth rate (Fig. 4) . Sensitivity was assessed at intervals after raising the growth temperature from 30 to 42 "C for cultures grown at D = 0-35 h-l (Fig. 5) . Sensitivity decreased markedly and reached a minimum 45 to 60 min after the temperature increase.
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DISCUSSION
Unlike the experimental systems of Kenward & Brown (1978) and Green (1978) , the bacteria in this study were subjected not only to cold, but also to osmotic shock. Viability of the control suspension, osmotically shocked at the culture growth temperature, was not adversely affected, but the possiblity of synergism between cold and osmotic shock cannot be excluded. However, in accordance with the observations of Kenward & Brown (1978) and Green (1978) for Pseudomonas aeruginosa and Vibrio cholerae, respectively, the sensitivity of E. coli to cold shock was directly related to p (Fig. 1) . It was proposed by these workers that sensitivity to cold shock might be due to sensitization at particular points in the cell cycle (Kenward & Brown, 1978) .
Time-survivor curves (Fig. 2) suggested that the cell population was composed of two fractions, slopes of the resistant phase being unaffected by p yet increasing with growth temperature, and the size of the sensitive fraction being directly proportional to p (Fig. 3) . Numerical analysis revealed that the survival data for each incubation temperature could Cold shock-mediated cell death 93 be described by equation (1). Sensitivity of the sensitive fraction was unaffected by its growth temperature, whereas the sensitivity of the remainder increased approximately 10-fold as the temperature was increased from 30 to 42 "C. Previous workers have also reported that cold shock sensitivity increases with increasing growth temperature (Farrel & Rose, 1968; Adhikari, 1975; Ring, 1965) , and suggested that this is due to increases in the levels of saturation of the envelope fatty acids at the higher temperatures. At slow rates of growth, sensitivity of cells grown at 30 "C and raised to 42 "C 1 h prior to cold shock approximated to that for the 30 "C culture and approached that of the 42 "C culture as , U was increased (Fig. 1) . The linearity of this relationship suggested that the time taken by cells to adapt to growth at the higher temperatures was dependent on p, possibly representing a constant fraction of the cell cycle. Therefore 1 h growth at 42 "C for cultures with low p resulted in only partial adaptation, whilst as p increased 1 h represented a greater fraction of the generation time and the adaptation was able to proceed further.
Escherichia coli CR34 El77 (Wechsler & Gross, 1971 ) is a mutant which is temperaturesensitive in initiation of DNA replication. Growth at the restrictive temperature (42 "C) prevents initiation of new rounds of DNA replication, allows completion of those already underway and does not significantly affect rates of protein synthesis (Wechsler & Gross, 1971) . Following a rise in the incubation temperature from 30 to 42 "C, cold shock sensitivity decreased markedly, and reached a minimum after 45 to 60 min (Fig. 5) . This time approximated to that necessary to allow completion of DNA replication initiated prior to the temperature increase and suggested that DNA replication or some related event increases sensitivity of the cells to cold shock. The small increase in Sensitivity after 1 h incubation at 42 "C (Fig. 5 ) possibly reflected adaptation of the culture to the higher growth temperature, with the consequent increase in kBF.
Kenward report biphasic time-survivor curves for cold-shocked P. aeruginosa, where the fraction of the culture sensitive to cold shock is directly related to p. They suggested that bacteria might become sensitized during cell division or some related event such as constriction. The sensitive fractions of these cultures were, however, also equivalent to that fraction replicating DNA, estimated on the basis of a 45 min period of replication during each cell cycle (M. A. Kenward & M. R. W. Brown, unpublished results), Similarly, the variation in cold shock sensivity with p reported by Green (1978) approximates to that expected if the sensitizing event were DNA replication rather than constriction.
Our data suggests that at least two independent mechanisms are involved in the cold shock-mediated death of Gram-negative bacteria. One of these is independent of incubation temperature and involves sensitization of the bacteria to cold shock for part of their cell cycle, possibly during DNA replication. The second is dependent upon the growth temperature, probably involves the whole population and is independent of p. Increases in cold shock sensitivity with increasing growth rate at constant temperature might therefore reflect the fraction of the population undergoing DNA replication or some related event, rather than fundamental changes in the nature of the individual cells.
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